BACKGROUND: Emerging studies suggest that ambient temperature during pregnancy may be associated with fetal growth, but the existing evidence is limited and inconsistent. OBJECTIVES: We aimed to evaluate the association of trimester-specific temperature with risk of being born small for gestational age (SGA) and birth weight-markers of fetal growth-among term births in the contiguous United States. METHODS: We included data on 29,597,735 live singleton births between 1989 and 2002 across 403 U.S. counties. We estimated daily county-level population-weighted mean temperature using a spatially refined gridded climate data set. We used logistic regression to estimate the association between trimester-specific temperature and risk of SGA and linear regression to evaluate the association between trimester-specific temperature and term birth weight z-score, adjusting for parity, maternal demographics, smoking or drinking during pregnancy, chronic hypertension, and year and month of conception. We then pooled results overall and by geographic regions and climate zones. RESULTS: High ambient temperatures (>90th percentile) during the entire pregnancy were associated with higher risk of term SGA {odds ratio [OR] = 1.041 [95% confidence interval (CI): 1.029, 1.054]} and lower term birth weight [standardized to −15 g (95% CI: −17 g, −13 g) reduction in birth weight for infants born at 40 weeks of gestation]. Low temperatures (≤10th percentile) during the entire pregnancy were not associated with SGA [OR = 1.003 (95% CI: 0.991, 1.015)] but were associated with a small decrement in term birth weight [standardized to −6 g (95% CI: −8 g, −4 g)]. Risks of term SGA and birth weight were more strongly associated with temperature averaged across the second and third trimesters, in areas the Northeast, and in areas with cold or very cold climates. CONCLUSIONS: Above-average temperatures during pregnancy were associated with lower fetal growth. Our findings provide evidence that temperature may be a novel risk factor for reduced fetal growth. https://doi
Introduction
Birth weight is a marker of fetal growth, an important predictor of neonatal morbidity and mortality, and associated with risk of chronic health problems in later life (Barker 2006; Saigal and Doyle 2008; Whincup et al. 2008; Zhang et al. 2014) . Although genetics, lifestyle habits, and socioeconomic factors are known to contribute to reduced fetal growth (Mook-Kanamori et al. 2010; Wollmann 1998) , it is difficult to explain the heterogeneity in birth weight worldwide purely based on these identified factors (Wells and Cole 2002) .
Several environmental factors have been found to adversely affect fetal growth, including ambient air pollution (Dadvand et al. 2013; Kingsley et al. 2017) , household air pollution (Pope et al. 2010 ; Thompson et al. 2011) , features of the built environment (Ebisu et al. 2016; Glazer et al. 2018; Kingsley et al. 2016) , and exposure to specific chemicals (Rauch et al. 2012; Zhu et al. 2010) . Emerging studies have assessed whether ambient temperature can also affect birth weight, but findings have been mixed, with studies reporting that lower birth weight is associated with both warmer-and colder-than-average temperatures (Ha et al. 2017; Ngo and Horton 2016) , associated only with warmer- (Basu et al. 2018; Kloog et al. 2015) or colder-than-average temperatures (Elter et al. 2004; Murray et al. 2000) , and not associated with either (Bruckner et al. 2014; Tustin et al. 2004; Wolf and Armstrong 2012) . Biologically, temperature extremes may be associated with lower birth weight by increasing oxidative stress and systemic inflammation in response to temperature changes during gestation (Ferguson et al. 2018; Ganesan et al. 2017; Halonen et al. 2010; Kahle et al. 2015) .
Given the short-and long-term consequences of reduced fetal growth and the projected increase in ambient temperature associated with continued climate change (IPCC 2014; Melillo et al. 2014) , it is important to improve our understanding of the impact of temperature on birth weight. Accordingly, we sought to investigate the association of ambient temperature during pregnancy with risk of term small for gestational age (SGA) and birth weight-both of which are markers of fetal growth-among over 29 million live singleton births from 1989 to 2002 across 403 counties in the contiguous United States. We also examined whether the magnitude of this association varied by trimester, geographic region, and climate zone.
Methods

Study Population
We obtained data on live births occurring in the United States between 1989 and 2002 from the CDC's National Center for Health Statistics. Data were available only for U.S. resident mothers living in counties with a population of ≥100,000. Exact date of birth is not directly available in these data, so we imputed this variable based on the last menstrual period (LMP), completed weeks of gestation, and the recorded weekday of birth (Sun et al. 2019) . We restricted our analyses to the 403 counties with birth data continuously available throughout the study period (see Figure S1 ).
In order to focus on the direct effects of temperature on fetal growth not mediated through early delivery, we further restricted our analyses to 30,108,870 live singleton births born between 37 and 44 completed weeks of gestation and in which the LMP was recorded. We additionally excluded births with a) a conception date more than 37 weeks before 1 January 1989 or less than 44 weeks before 31 December 2002 to avoid inducing artificial seasonal patterns in gestation length ("fixed cohort bias") (Strand et al. 2011) ; b) implausible combinations of birth weight and gestational age according to the Alexander criteria (Alexander et al. 1996) ; and c) an imputed month of birth that, based on LMP and completed weeks of gestation, differed from the recorded month of birth. The final analytic sample consisted of 29,597,735 births (see Figure S2 ). Because the data used were de-identified and publicly available, approval by Brown's institutional review board was not required.
Outcome Definition
Our study outcomes were term SGA and term birth weight z-score. We defined gestational age as the number of completed weeks between the date of LMP and the date of birth. Based on the 1999-2000 U.S. national reference of sex-specific reference percentiles for birth weight at each gestational age (Oken et al. 2003) , we classified each infant into corresponding birth weight percentiles and z-scores. Infants with birth weight in the <10th percentile were defined as SGA. Based on this, the U.S. national reference of birth weight, term SGA, and term birth weight z-score remove the contribution of gestational age to fetal growth (Oken et al. 2003) .
Geographic Region and Climate Zone
We classified each county into one of six geographic regions (Melillo et al. 2014) : Northeast (number of counties, n = 110 counties), Southeast (n = 94), Midwest (n = 99), Great Plains (n = 35), Northwest (n = 17), and Southwest (n = 48). In addition, we classified each county into one of five climate zones (U.S. Department of Energy 2015): hot-humid (n = 58), mixed-humid (n = 113), hot-dry/mixed-dry (n = 26), cold/very cold (n = 181), and marine (n = 25) (see Figure S1 ).
Ambient Temperature Assessment
We obtained estimates of daily mean ambient temperature using the Parameter-elevation Relationships on Independent Slopes Model, a 4 × 4 km-gridded climate data set consisting of spatially interpolated weather data and accounting for major physiographic features that influence climate patterns, including location, elevation, coastal proximity, topographic facet orientation, vertical atmospheric layer, topographic position, and orographic effectiveness of the terrain (Daly et al. 2008) . The gridded PRISM data set offers a more spatially explicit representation of meteorological exposures than observations at individual weather stations (Spangler et al. 2018) .
We used gridded estimates of daily mean temperature from PRISM to calculate population-weighted averages of temperature for each day in each county, as previously described (Spangler et al. 2018) . Briefly, we first obtained the population centroids for each census tract in each of the 403 counties of interest from the 2000 Census (U.S. Census Bureau 2000) . Next, we extracted daily PRISM-predicted temperatures at the grid cell overlaying each of these census tract population centroids. Finally, we used these extracted grid cells to calculate a daily time series of population-weighted mean temperature for each day in each county. Specifically, for each extracted grid cell, we multiplied its daily temperature value by the proportion of the county population falling within that census tract. We then summed the resulting values across all grid cells located within each county to obtain the county population-weighted mean value. An illustration of how the gridded PRISM data intersect with census tracts in Providence County is shown in Figure S3 .
For each birth, we averaged daily temperature values from the date of LMP to 13 completed weeks of gestation (first trimester temperature), from 14 to 26 completed weeks of gestation (second trimester temperature), from 27 completed weeks of gestation to birth (third trimester temperature), and from the date of LMP to birth (entire pregnancy). Because individuals adapt to their local climate, in all analyses we considered percentiles of county-and trimester-specific mean temperature rather than absolute values of temperature. Specifically, we categorized and modeled exposure as deciles of county-and trimester-specific mean temperature relative to a reference value defined as the decile spanning the 40th to 50th percentiles (Deschenes et al. 2009; Isen et al. 2017 ). We defined colder-than-average temperatures as those below the 20th percentile and warmer-than-average temperatures as those above the 80th percentile of the county-and trimester-specific temperature distribution. Tables S1 and S2 show the temperature distribution of the entire pregnancy temperature by county, geographic region, and climate zone.
Air Pollution Assessment
Within each county we estimated monthly levels of particulate matter with aerodynamic diameter less than 2:5 lm (PM 2:5 ) from 1989 to 2002 using a spatiotemporal model, as previously described (Yanosky et al. 2009 (Yanosky et al. , 2014 . This model is informed by meteorological data, location-specific characteristics, and 2:5 lm (PM 2:5 measurements obtained from the U.S. EPA's Air Quality System (https://www.epa.gov/outdoor-air-quality-data), from the Interagency Monitoring of Protected Visual Environments, Stacked Filter Unit Network, and Clean Air Status and Trends Network by accessing the Visibility Information Exchange Web System (http://views. cira.colostate.edu/iwdw/), and prior research studies. The model has a 10-fold cross-validation R 2 = 0:77. We used this model to estimate average PM 2:5 levels in each trimester and across the entire pregnancy.
Statistical Analysis
We used a two-stage approach to estimate the association between mean temperature decile and either relative odds of SGA or change in birth weight z-score. In the first stage, we used logistic regression to estimate the odds ratio (OR) of SGA associated with deciles of average temperature, and linear regression to estimate the change in birth weight z-score (continuous outcome) associated with deciles of average temperature. In unadjusted models, we included only the indicator variable of temperature deciles. We then adjusted all models for maternal age (<25, 25-29, 30-34, or ≥35 y), marital status (married or unmarried), race (white or nonwhite), years of education (<9, 9-12, 13-17, or unknown), smoking (yes, no, or unknown) or drinking (yes, no, or unknown) during pregnancy, parity (0, 1, ≥2, or unknown), chronic hypertension (yes, no, or unknown), and year and month of conception as categorical variables. Because birth weight z-score and our definition of SGA already account for infant sex and gestational age, we did not further adjust for these variables in our regression models. We conducted sensitivity analyses by including all infants with gestational age ranging from 22 to 44 weeks (i.e., not restricted to term births, n = 31,921,046) and, separately, further adjusted for PM 2:5 to assess potential confounding by ambient particulate matter.
In the second stage of the analysis, we used random-effects meta-analytic models to combine the county-specific estimates obtained from the first stage (Berkey et al. 1995; Viechtbauer 2010 ). All results are expressed relative to the reference decile (i.e., the 40th to 50th percentiles of county-specific temperatures). For ease of presentation, we re-express the estimated difference in birth weight z-score to absolute differences in birth weight (in grams) for a hypothetical infant born at 40 completed weeks of gestation, as previously described (Oken et al. 2003) .
In secondary analyses, we evaluated whether the associations between temperature, SGA, and birth weight varied by trimester, geographic region, or climate zone. When appropriate, we used a Wald statistic for testing whether observed associations across strata were statistically significantly different (Rothman et al. 2008 ).
We conducted all analyses in R (version 3.5.1; R Development Core Team). We used the "survival" package (version 2.42-6) for the logistic regression, the "stats" package (version 3.5.1) for the linear regression, and the "metafor" package (version 2.0-0) for the second-stage meta-analysis.
Results
Our analysis was based on records from 29,597,735 live, singleton, term births between 1989 and 2002 in 403 U.S. counties, 10.2% of which were born SGA ( Table 1 ). The average birth weight was Average birth weight tended to be lower among infants born to mothers who smoked during pregnancy and those born to nonwhite mothers. Infants born in summer, in the Northwest, or in the marine climate zone tended to have higher birth weight. Correlations among overall and trimester-specific temperatures were generally moderate (r < 0:5), except for the correlation between entire pregnancy and the second trimester temperature (r = 0:86) (see Table S3 ).
Temperature and Term SGA
Warmer-than-average temperatures were associated with higher odds of SGA (Table 2 ; Figure 1A ). For example, in adjusted models pregnancy-average temperatures between the countyspecific 80th and 90th percentile and above the 90th percentile were associated with a 1.034 (95% CI: 1.024, 1.043) and 1.041 (95% CI: 1.029, 1.054) higher odds of SGA versus temperatures in the reference range defined as the 40th to 50th percentile. Colder-than-average temperatures were not associated with the relative odds of SGA. Results were qualitatively similar in unadjusted models and in models additionally adjusted for PM 2:5 (Table 2) . Results were also similar in sensitivity analyses not restricted to term births (see Figure S4) . Results in the second and third trimester were similar to those observed across the entire pregnancy ( Figure 1B ). For example, temperatures above the county-specific 90th percentile were associated with an OR of SGA = 1.037 (95% CI: 1.021, 1.054) in the second trimester and an OR = 1.055 (95% CI: 1.037, 1.072) in the third trimester. Average temperatures in the first trimester were not associated with higher odds of SGA.
In secondary analyses, we evaluated whether the associations between temperature and SGA varied across subgroups defined by geographic region or climate zone (Figure 2 ). For temperatures above the county-specific 90th percentile, we observed statistically significant heterogeneity across geographic regions and climate zones, with the strongest impact observed in the Northwest and Northeast regions of the United States and in the marine and cold/ very cold climate zones. We also observed statistically significant heterogeneity across locations for county-specific temperatures below the 10th percentile, with the direction of the association varying by both geographic region and climate zone.
Temperature and Term Birth Weight
Both warmer-than-average and colder-than-average temperatures during pregnancy were associated with lower birth weight z-score, suggesting an inverse U-shaped relationship ( Figure 3A ). For example, in adjusted models county-specific temperatures above the 90th percentile and below the 10th percentile were associated with a 15 g (95% CI: −17g, −13g) and 6 g (95% CI: −8g, −4g) lower birth weight (standardized to an infant delivered at 40 weeks of gestation), respectively, versus reference temperatures (Table 3) . Results were qualitatively similar in unadjusted models, in models additionally adjusted for PM 2:5 , and in sensitivity analyses not restricted to term births (see Figure S4) . Results for temperatures in the second and third trimester were similar to those observed for the entire pregnancy, whereas results for the first trimester temperatures were close to the null ( Figure 3B) .
Results stratified by geographic region or climate zone paralleled those observed for SGA (Figure 4) . Specifically, temperatures above the 90th percentile were more strongly associated with lower birth weight in the Northeast and Northwest regions and in the marine and cold/very cold climate zones. We also observed statistically significant heterogeneity across locations for county-specific temperatures below the 10th percentile, with the direction of the association varying by both geographic region and climate zone.
Discussion
Leveraging data from nearly 30 million singleton term births across 403 counties in the contiguous United States, we evaluated the relationship between average temperature during pregnancy and two markers of fetal growth: risk of SGA and change in birth weight z-score. We found that warmer-than-average temperatures during pregnancy were associated with lower rates of fetal growth as evidenced by higher risk of term SGA and lower birth weight. On the other hand, colder-than-average temperatures were not associated with altered risk of SGA but were associated with a small decrement in term birth weight. These associations were observed in the second and third trimesters, but they were not evident in the first trimester. Results were not materially different across sensitivity analyses.
Our finding of a positive association between warmer-thanaverage temperatures and lower birth weight is consistent with results from most prior studies (Ha et al. 2017; Ngo and Horton 2016) , as summarized in a recent review ) as well as with results from a more recent study in California (Basu et al. 2018 ). For example, in an analysis of 220,572 singleton births from 12 U.S. sites, Ha et al. (2017) reported a 2.5-fold (95% CI: 2.2, 2.8) higher risk of term low birth weight (<2,500 g) for pregnancies during periods of high temperatures (>95th percentile) compared with milder temperature (defined as temperatures ranging from the 5th to the 95th percentiles). Another study conducted in 19 African countries reported that exposure to an extra day with average temperatures ≥37:8 C during the second trimester was associated with a 0:9-g reduction in birth weight (Grace et al. 2015) . On the other hand, studies in Sweden (Bruckner et al. 2014) , Germany (Wolf and Armstrong 2012) , and New Zealand (Tustin et al. 2004) did not find any impact of warmer-than-average temperatures on markers of fetal growth.
We found that colder-than-average temperatures during pregnancy were not consistently associated with markers of fetal growth. Specifically, colder-than-average temperatures were not associated with risk of SGA, but they were associated with a small decrement in birth weight. Few prior studies were available for direct comparison (Elter et al. 2004; Ha et al. 2017; Murray et al. 2000; Wolf and Armstrong 2012) , and results from these studies have been inconsistent. For example, the study conducted in the 12 U.S. sites (Ha et al. 2017) found that compared with milder temperatures, cold (<5th percentile) in the third trimester was associated with a lower risk of SGA, but cold in mid-to-late pregnancy was associated with higher risk of term low birth weight. The studies in Istanbul (Elter et al. 2004 ) and Northern Ireland (Murray et al. 2000) found that colder-than-average Figure 2 . Odds ratio (95% CI) of small for gestational age associated with temperatures above the county-specific 90th percentile and below the county-specific 10th percentile during the entire pregnancy among 29,597,735 singleton term births in 403 U.S. counties between 1989 and 2002, overall and by geographic region and climate zone. Models were adjusted for maternal age, race, marital status, years of education, smoking status, alcohol drinking, parity, chronic hypertension, and year and month of conception. Odds ratios were relative to temperatures ranging from 40th to 50th percentile of each county. CI, confidence interval.
temperatures during the second trimester were positively associated with lower birth weight, whereas the study in Germany (Wolf and Armstrong 2012) failed to find the association. Heterogeneity in results across studies may be due to differences in study design, population characteristics, methodologic choices, and/or sample size. For example, our study excluded preterm births, whereas other studies did not (Bruckner et al. 2014; Kloog et al. 2015; Wolf and Armstrong 2012) , although our findings in sensitivity analyses not restricted to term births were not materially different. We also allowed the exposureresponse function with temperature to be nonlinear, in contrast to some prior studies that constrained this function to be linear (Kloog et al. 2015) . We also used SGA and birth weight z-score as indicators of fetal growth (Oken et al. 2003) , whereas some Main model included parity, maternal age, race, marital status, years of education, smoking or drinking during pregnancy, chronic hypertension, and year and month of conception.
prior studies (Bell et al. 2007; Chen and Ho 2016) considered birth weight as the outcome and adjusted for gestational age; these two approaches may yield different results (Lakshmanan et al. 2015; Oken et al. 2003) .
Results across studies may also differ based on local factors, including climate. We found that warmer-than-average temperatures were more strongly associated with reduced fetal growth in regions with colder climates. This observation may indicate a lesser degree of adaptation to heat in areas with colder climates and suggests that climate and adaptation may also contribute to heterogeneity across studies.
It is biologically plausible that ambient temperatures during pregnancy can adversely influence fetal growth. Warmer-thanaverage and colder-than-average temperatures are associated with markers of oxidative stress and systemic inflammation (Ferguson et al. 2018; Ganesan et al. 2017; Halonen et al. 2010; Kahle et al. 2015) . Placental function plays a vital role in fetal development, and alterations in placental oxidative capacity enhance the expression of various transcriptional and/or hormonal factors (e.g., reactive oxygen species), which can ultimately lead to reduced fetal growth (Dennery 2010; Rodríguez-Rodríguez et al. 2018) . Warmerthan-average and colder-than-average temperatures may also be directly associated with changes in blood viscosity and uterine blood flow (Bouchama and Knochel 2002; Dadvand et al. 2011; Keatinge et al. 1986 ), which can also influence fetal growth. Biologic plausibility is further supported by studies in experimental animals suggesting that chronic exposure to heat was associated with growth restriction in mice and rats (Galan et al. 1999; Wells 2002) .
Identification of critical periods of susceptibility to environmental exposure during pregnancy is important for targeting public health interventions (Selevan et al. 2000) . Our findings are consistent with previous studies reporting that temperatures during the second and third trimesters are more strongly associated with fetal growth versus temperatures during the first trimester (Basu et al. 2018; Ha et al. 2017 ). For example, Basu et al. (2018) reported that term low birth weight was most strongly associated with the third trimester average temperature with increased risk of 15.8% (95% CI: 5.0%, 27.6%) per 5.6°C above 15.6°C, and negatively associated with the average temperature of the first trimester.
Our study has several potential limitations. First, we relied on population-weighted county average temperature for exposure assessment, an approach leading to measurement error in comparison to personal temperature measurements. Nonetheless, we expect that any potential exposure misclassification would be nondifferential and, on average, tend to bias our results towards the null hypothesis of no association. On the other hand, exposure measurement error may have been lower in this study compared with prior studies given our use of population-weighted daily mean temperature estimated from a spatially refined, gridded climate data set rather than data from airport weather stations, which may not fully capture exposures where people tend to live. Second, we were unable to control for residential mobility during pregnancy, which might also have introduced exposure misclassification. However, previous studies suggest that rates of residential mobility among pregnant women are relatively low, with most moves being within the same county (Bell and Belanger 2012; Fell et al. 2004) , suggesting limited opportunity for bias in this particular study (Pennington et al. 2017; Pereira et al. 2016) . Third, because these data are de-identified, we are not able to account for the correlation among infants born to the same mother. Fourth, although we adjusted for a wide range of covariates, we cannot exclude the possibility of residual confounding. Fifth, although our analysis was limited to the 403 more populous counties of the contiguous United States, accounting for over half of all births in the United States during the study time period, our results may not be generalizable to other counties with smaller populations or to more recent time periods. Similarly, extrapolation of results to future health impacts under continued climate change should be done with caution because the time course over which pregnant women might adapt (physiologically or behaviorally) to the warmer temperatures projected for the future remains unknown (Gosling et al. 2017; Vicedo-Cabrera et al. 2019 ). On the other hand, to our knowledge this is the largest analysis published to date of the association between ambient temperature during pregnancy and fetal growth, including more than 29 million U.S. singleton births in diverse geographic regions and climate zones.
In summary, among nearly 30 million singleton births across more than 400 populous U.S. counties, we found that warmerthan-average temperatures during pregnancy are associated with lower birth weight and higher risk of being born small for gestational age, especially when considering average temperatures in the second and third trimesters. Notwithstanding results from this and prior studies, it remains unclear how these findings might impact clinical or public health practice. Additional studies are needed to confirm or refute these findings and determine whether any clinical or public health interventions would be warranted Difference in z-score Figure 4 . Difference in birth weight z-score associated with county-specific temperatures above the 90th percentile and county-specific temperatures below the 10th percentile during the entire pregnancy among 29,597,735 term births in 403 U.S. counties between 1989 and 2002, overall and by geographic region and climate zone. Models were adjusted for maternal age, race, marital status, years of education, smoking status, alcohol drinking, parity, chronic hypertension, and year and month of conception. Odds ratios were relative to temperatures ranging from 40th to 50th percentile of each county. CI, confidence interval.
during episodes of hotter than usual weather in mid-to-late pregnancy.
